More than 50% of colon cancers bear mutations in p53, one of the most important tumor suppressors, and its family members p63 or p73 are expected to contribute to inhibiting the progression of colon cancers. The AP2 family also acts as a tumor suppressor. Here we found that p73 and AP2 are able to activate NEU4, a neuraminidase gene, which removes the terminal sialic acid residues from cancerassociated glycans. Under serum starvation, NEU4 was up-regulated and one of the NEU4 target glycans, sialyl Lewis X, was decreased, whereas p73 and AP2 were up-regulated. Sialyl Lewis X levels were not, however, decreased under starvation conditions in p73-or AP2-knockdown cells. p53 and AP2 underwent protein-protein interactions, exerting synergistic effects to activate p21, and interaction of p53 with AP2 was lost in cells expressing the L350P mutation of p53. The homologous residues in p63 and p73 are L423 and L377, respectively. The synergistic effect of p53/p63 with AP2 to activate genes was lost with the L350P/L423P mutation in p53/p63, but p73 bearing the L377P mutation was able to interact with AP2 and exerted its normal synergistic effects. We propose that p73 and AP2 synergistically activate the NEU4 promoter in colon cancer cells.
Glycans play fundamental roles in key pathological steps of tumor development and progression 1 . Sialyl Lewis X and sialyl Lewis A are highly expressed in colon cancer cells [2] [3] [4] [5] . The epithelial-mesenchymal transition (EMT) is the process by which cancer stem-like cells are enriched 6, 7 . We previously induced EMT in DLD1 and HT29 cells using EGF and bFGF and found that expression of the cancer-associated glycans sialyl Lewis X and sialyl Lewis A is markedly enhanced in EMT-induced cells 4 . NEU4 is a neuraminidase and removes terminal sialic acid residues on cancer-associated glycans such as sialyl Lewis X, sialyl Lewis A and polysialylated NCAM (PSA-NCAM) 8, 9 . NEU4 expression is reduced in colon cancer patients, and its expression may be related to cancer cell apoptosis 10 . EGF can enhance Src signaling 11 , and Src can phosphorylate Wwox at Y33 to enhance Wwox-p73 and Wwox-AP2γ interactions to block p73 and AP2γ activity, respectively 12, 13 . As EMT induced by EGF and bFGF represses NEU4 expression, we speculated that p73 and AP2 may be involved in NEU4 regulation.
The AP2 and p53 families are tumor suppressor genes [14] [15] [16] . AP2α and AP2γ are reduced in colon cancer patients 17 . AP2α and AP2γ interact with p53 18 . AP2 can act as a co-regulator that binds to the same site as p63 to regulate epidermal differentiation 19 . p53 is a tumor suppressor and can induce cell cycle arrest proteins such as p21 and 14-3-3σ 20, 21 . p53 is mutated in >50% of colon cancer patients 22 , and close to 50% of colon cancer cell lines have p53 mutations 23 . A loss-of-function mutation in p53 causes cells to lose their cell cycle check points and cell arrest function and thus leads to their abnormal proliferation 24 . In contrast, p63 and p73, two other members of the p53 family, are rarely mutated in cancer patients 25 . p73 has several isoforms such as its transactivation form (TA) and dominant-negative forms (ΔN and ΔN') 26 . p63 and p73 have more isoforms than p53, and the dominant-negative isoform ΔNp63α is the major form of p63 in adult cells 27 . Transactivation isoforms TAp63 and TAp73 are expressed in colon cells and play a role in repressing cancer progression [28] [29] [30] . Because all the p53 members have a C-terminal tetramerization domain that allows them to form tetramers, the re-activation of endogenous p73 is a good strategy for killing p53-mutated colon cancer cells 31 . The presence of one ΔN isoform of a p53 family member within a tetramer blocks the transactivation function of that tetramer, but three p53 family members within a tetramer must be mutated to block the function of a tetramer 32 . This means that re-activation of >25% of TAp73 relative to the amount of mutated p53 is enough to rescue the tetramer function of p73 to trigger its cell death function.
Here we found that p73 and AP2 could bind and activate the NEU4 promoter in p53-mutated colon cancer cells. Repression of p73 or AP2 reduced NEU4 expression and rescued the starvation-mediated up-regulation of NEU4 and reduction of sialyl Lewis X glycans. As sialyl Lewis X is a major ligand for endothelial selectins and facilitates hematogenous metastasis of cancer cells through mediating the adhesion of cancer cells to vascular endothelial cells 33, 34 , reduction of sialyl Lewis X glycans is expected to reduce metastatic activity.
Results
NEU4, AP2 and p73 transcript profiles in colon cancer cells. NEU4 was down-regulated in all EMTinduced cancer stem-like cells colon cancer cell lines DLD1, HT29 and LS174T, but not NEU1, NEU2 and NEU3 (Fig. 1A) . Because ~80% of colon cancer cell lines have some defects in the TGF-β signaling pathway through multiple mechanisms such as mutations in receptors, mutations in SMAD proteins, or overexpression of inhibitory SMAD6 or SMAD7 proteins 35 . LS174T or DLD1 cells have no response in TGF-β treatment 36, 37 . We performed the TGF-β treatment with HT29 cells and found that NEU4 was also repressed in TGF-β mediated EMT (Fig. 1B) . NEU1 and NEU2 are not able to remove sialic acid residues from sialyl Lewis X and sialyl Lewis A glycans 8 . NEU3 is a degradation enzyme for sialyl Lewis X but not for sialyl Lewis A 8 , but NEU3 is expressed at much lower levels relative to NEU4 in all colon cancer cells (Fig. 1C) . According to the TCGA data from the GEPIA web site, NEU4 is down-regulated in tumors compared to normal tissues in both colon (COAD) and rectal (READ) cancers (Fig. 1D) . Besides NEU2, which shows much lower expression in normal colon, COAD or READ, both NEU1 and NEU3 are up-regulated in COAD and READ. The database results are generally in line with our EMT data indicating that EGF and bFGF induced NEU1, NEU2, NEU3 but repressed NEU4.
TAp73 expression was much higher than ΔNp73 and ΔN'p73 in DLD1 and HT29 cells (Fig. S1A ). In contrast, AP2α showed higher expression in HT29 cells than in DLD1 cells, but AP2γ expression was higher in DLD1 cells than in HT29 cells (Fig. S1B ). NEU4 has long (NEU4L: NP_542779.2 and NP_001161071.1) and short (NEU4S: NP_001161074.1) forms, and NEU4S, but not NEU4L, is expressed in the colon 38 . Based on the NCBI reference sequences, NEU4L has two transcripts (NEU4 V1 and V2) and NEU4S has three transcripts (NEU4 V3, V4 and V5). NEU4 V3 is the dominant form of NEU4S in both the HT29 and DLD1 cell lines (Fig. S1C) . NEU4 V3 and V4 transcripts use the same transcription start site and share the same promoter.
p73 and AP2 regulate NEU4 to down-regulate sialyl Lewis X expression. Serum starvation in several p53-mutated colon cancer cell lines (HT29, DLD1, SW480 and SW837) activates p73 and overcomes dominant-negative functions of p53 to induce PUMA to induce cell apoptosis 39 . We performed serum starvation on the p53-mutant colon cancer cell line HT29 and found that the cancer-associated glycan sialyl Lewis X, but not sialyl Lewis A, was repressed under serum starvation relative to normal serum conditions ( Fig. 2A,B) . We over-expressed p73 in HT29 cells and found that only NEU4 mRNA, but not FUT2 mRNA, was increased by p73 (Fig. 2C) , and knock-down of p73, AP2α or AP2γ reduced NEU4 expression (Fig. 2D-F) . Over-expression of p53 activated p21, but not NEU4, in both the HT29 and LS174T cell lines, whereas p73 activated both p21 and NEU4 ( Figs S2 and S3) .
We cloned the NEU4 V34 promoter of 1090 bp (−925~+165) into pGL3 basic to carry out a reporter assay and found that serum starvation activated the NEU4 promoter. According to Jaspar database prediction 40 , there are three putative p73 binding sites and one AP2 binding site in the NEU4 promoter (Fig. 3A) . Mutation of one of the p73 sites and the only AP2 binding site reduced p73-and AP2γ-induced enhancement of NEU4 promoter reporter activity, respectively (Fig. 3B,C) . Up-regulation of the NEU4 promoter mediated by serum starvation was diminished by mutation of a p73 or AP2 binding site (Fig. 3D) . Binding of p73, AP2α or AP2γ to the NEU4 promoter was confirmed by chromatin immunoprecipitation (ChIP) assays ( Fig. 4A-C) . We performed the sialidases activity assays in HT29 and LS174T cells, and results showed that p73 could enhance the sialidase activity compared to vector only or p53 (Fig. S4 ). Over-expression of a Flag-tagged NEU4 construct down-regulated sialyl Lewis X expression in HT29 cells ( Fig. S5A and S5B ). We used a colon cancer cell line that has wild-type p53, LS174T, and found that over-expression of p73, but not of p53, down-regulated sialyl Lewis X expression (Fig. S6A) . In order to prove p73 directly represses sialyl Lewis X through NEU4, we introduced NEU4 siRNA in p73 over-expressing cells and found that repressive effect of p73 for sialyl Lewis X expression were withdrawn in NEU4 knocked-down cells (Fig. S6B ). The p73 mediated NEU4 expression was also decreased in these NEU4 knocked-down cells (Fig. S6C ). Serum starvation in HT29 cells in which p73 or AP2 had been knocked down did not result in notable repression of sialyl Lewis X levels (Fig. 5) . These results indicate that p73 and AP2 are able to regulate NEU4 and influence starvation-mediated sialyl Lewis X expression.
p73 interacts with AP2 through a different key residue relative to p53 and p63. p53 interacts with AP2 to enhance p21 promoter activity 18 , and the p53 L350P mutation and tetramerization domain deletion (TDD) disrupt this interaction with AP2 41 . p53 and AP2γ, acting synergistically, activated a p53 consensus sequence in p53 null H1299 cells, and this effect was reduced by the L350P mutation (Fig. 6A) . p53, p63 and p73 all have a leucine residue-p53 L350, TAp63α L423 and TAp73α L377, respectively-in their tetramerization domain 42 . In addition, TAp63α L423P, but not TAp73α L377P, disrupted the synergistic effect with AP2γ ( Fig. 6B,C) . Interaction of TAp73α and AP2γ was reduced in cells expressing TAp73α TDD but not in those expressing TAp73α L377P (Fig. 7B,C) . This means that L377 of p73 is not the key residue that interacts with AP2, unlike L350 of p53 and L423 of p63. Co-expression of TAp73α and AP2γ increased expression of NEU4 synergistically relative to their individual expression, with a greater effect in LS174T cells as compared with HT29 cells (Fig. S7A,B) . Therefore, we propose that p73 and AP2γ synergistically activate the NEU4 promoter. 
Discussion
NEU4 can reportedly regulate several cancer-associated glycans, such as sialyl Lewis A, sialyl Lewis X, and PSA-NCAM 8, 9 , all three of which are highly expressed in colon cancers [2] [3] [4] [5] . Sialyl Lewis X, as well as sialyl Lewis A, serves as a ligand for vascular selectins, the cell adhesion molecules expressed on endothelial cells. Sialyl Lewis X mediates adhesion of cancer cells to vascular endothelial cells and facilitates hematogenous metastasis 33, 34 . Polysialylated NCAM is associated with aggressiveness and poor clinical outcome in cancers 43 . In contrast, both p73 and AP2 are tumor suppressors, but their roles in glycan expression remain unknown. Here we found that serum starvation in colon cancer cells reduced the amount of sialyl Lewis X but not sialyl Lewis A. NEU4 may regulate both sialyl Lewis A and sialyl Lewis X, but starvation-related NEU4-mediated up-regulation did not influence sialyl Lewis A. This means that serum starvation may influence other key glycan-synthesizing enzymes that are specific for sialyl Lewis A, such as ST3GAL3, B3GALT5 or FUT3 [44] [45] [46] , to overcome the NEU4 effect on sialyl Lewis A expression. Starvation up-regulated expression of B3GALT5 and FUT3, but not ST3GAL3 (Fig. S8) .
This study proved that p73 and AP2 regulate NEU4 and influence starvation-mediated sialyl Lewis X expression. Because p53 shows a higher frequency of mutation in colon cancer as compared with other cancers, activation of p73 to replace the loss of p53 function is a good strategy for anti-cancer therapy. There are several p73 activators that could be used in p53-mutated cells 47, 48 . To use these p73 activators to activate NEU4 to repress cancer-associated glycans may be a good strategy for developing colon cancer therapies.
Here we found that p73 interacts with AP2 through its tetramerization domain, as does p53 and p63, but the key residue within the tetramerization domain is different (Fig. 7A,B) . Both p53 L350P and TAp63α L423 blocked the interaction with AP2, but the TAp73α L377P could not (Fig. 7B) . This makes the down-stream genes of the p73 and AP2 synergistic activation difficult to study. Co-expression of p53 (or p63) and AP2 should activate the down-stream genes more effectively than p53 L350P (or TAp63α L423P) and AP2, but this strategy could not be used for p73. Deletion of the tetramerization domain rather than using the LP mutation to study the activation function is not feasible, because all the p53 family members lose their activation function if they cannot form a . A reporter gene in combination with the p53 consensus sequence is a possible method for studying the synergistic effect of AP2 and p53 to activate genes 41 (Fig. 6 ). Co-expression of these transcription factors should activate the gene synergistically, relative to the activation resulting from individual transcription factors alone 51, 52 . We found that synergistic up-regulation of NEU4 by p73 and AP2 is higher in LS174T (wild-type p53) than HT29 (mutated p53) cells. Therefore, cells with mutated p53 may block the synergistic effect of AP2 and p73 to active NEU4. (A) Co-expression of p53 and AP2γ up-regulated expression of the reporter with p53 whole site to a greater extent than p53 alone, but co-expression of p53 with the L350P mutation (p53LP) and AP2γ only slightly upregulated expression of the p53 whole site reporter relative to expression of p53LP alone in H1299 cells. (B) Co-expression of p63 and AP2γ increased expression of the p53 whole site reporter much higher than p63 alone, but co-expression of p63LP and AP2γ led to only a slight increase of p53 whole site reporter expression relative to p63LP alone. (C) Co-expression of p73 and AP2γ increased expression of the p53 whole site reporter higher than p73 alone, and co-expression p73LP and AP2γ also up-regulated expression of the p53 whole site reporter higher than p73LP alone. (A-C) Results are displayed as mean ± SD, n = 3 (**p < 0.01, *p < 0.05). (NS, statistically not significant. Under treatment of MG132, p53TDD and p73TDD interaction with AP2γ were much less than that with wildtype p53 and p73. (D) A schematic figure explaining how the p53 WT or LP mutation regulates the p21 and NEU4 which contain both AP2 and p53 responsive elements. p53 family members can interact with AP2 to regulate down-stream genes. LP mutations of p53 and p63 lose the interaction with AP2 to regulate p21, but p73 LP mutant still interacts with AP2 to facilitate p21 and NEU4.
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NEU4 has both long (NEU4L) and short (NEU4S) forms, and only NEU4S but not NEU4L is expressed in colon cells 38 . Here we showed that p73 activates the NEU4 short form in colon cancer cells. In neural cells, NEU4L and NEU4S are almost equally expressed 38 . Endogenous TAp73 levels increase in differentiated neuroblastomas after retinoic acid treatment, and exogenous TAp73 isoforms can induce neuronal differentiation 53 . One of the NEU4 target glycoproteins, PSA-NCAM, has an important role in neural cell migration 54 , differentiation 55 , neurogenesis 54 and the developing thalamus 56 . Therefore, the role that p73 has with respect to NEU4S (or NEU4L) expression may also have an effect on neural development, which needs further investigation.
Materials and Methods
Cell lines and cell culture. Human colon cancer cell lines DLD1, HT29 and LS174T and the non-small cell lung carcinoma cell line H1299 were maintained at 37 °C with 5% CO 2 in RPMI 1640 or DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (Invitrogen), 100 U/ml penicillin and 100 μg/ml streptomycin (both from Invitrogen). For treatment with EGF and bFGF, recombinant human EGF (R&D; 20 ng/ml) and bFGF (R&D; 10 ng/ml) were added to serum-free DMEM/F12 (Invitrogen) with 0.4% bovine serum albumin (Sigma), N-2 MAX Media Supplement (R&D), B27 Supplement (Invitrogen), 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen) as described 4, 57 . For treatment with TGF-β, cells were cultured in medium without serum for 1 day, then treated with recombinant human TGF-β1 (HEK293 derived, Peprotech, 10 ng/ml) in serum-free medium for 2 days as described 58 . For cell starvation, cells were serum starved in serum-free DMEM with 100 U/ ml penicillin and 100 μg/ml streptomycin for 3 days. Reporter constructs and luciferase assays. The NEU4V34 promoter of 1090 bp (−925~+165) (Homo sapiens chromosome 2, GRCh38.p12 Primary Assembly. NC_000002: 241808140.0.241809229) was amplified from colon cancer cell genomic DNA using forward primer 5′-TGCCAGGTAAAGGGAAAGTG-3′ and reverse primer 5′-TGTGCCCCTCCTGTAACTTC-3′ and was cloned to up-stream of the firefly luciferase reporter gene in pGL3 basic (Promega). We co-transfected pGL3-NEU4 firefly luciferase plasmid or p53 whole site in the pGL3 promoter vector 49 and pRL-SV40 Renilla luciferase plasmids (Promega) into cells. Cells were harvested at 24 h post-transfection in 0.25 ml of reporter lysis buffer and were assayed for gene expression with the Dual-Luciferase Reporter Assay System (Promega). Firefly luciferase activity was normalized to Renilla luciferase activity, and the data are presented as the mean ± standard deviation from three independent experiments, each of which was performed in triplicate.
Co-immunoprecipitation. Cells were scraped into NP40 lysis buffer containing protease and phosphatase inhibitor cocktails (Merck). After cellular debris was removed by centrifugation, the pre-cleared extract was incubated with anti-FLAG M2 Magnetic Beads (Sigma) for 2-3 h at 4 °C using constant rotation. The beads were collected in magnetic separation rack and were washed three times in wash buffer (150 mM NaCl; 50 mM Tris, pH 7.5; 1 mM EDTA; 0.5% (w/v) NP40; 10% glycerol). Bound proteins were eluted with 20 μl of 500 μg/ml Flag peptide (Sigma) in elution buffer (150 mM NaCl; 50 mM Tris, pH 7.5; 1 mM EDTA; 0.05% NP40; 10% glycerol) for 10 min at 4 °C and were detected by using anti-p53 (sc-126, Santa Cruz) or anti-p73 (ab14430, Abcam) by western blot analysis.
ChIp assay. We used EZ-Magna ChIP A/G Chromatin Immunoprecipitation Kit (Millipore) to perform the ChIP assays. We used ChIP-grade anti-p73 (ab14430) along with anti-AP2α and -AP2γ (sc-184X and sc-8977x, respectively; Santa Cruz). The fixed DNA was sheared with a Bioruptor Pico (Diagenode), and precipitated DNA was quantified with a Bio-Rad real-time thermal cycler CFX96.
shRNA infection. We purchased shRNA clones of pLKO.1-shRNA-AP2α (AP2α KD1, TRCN0000004924; AP2α KD2, TRCN0000004926), pLKO.1-shRNA-AP2γ (AP2γ KD1, TRCN0000019756; AP2γ KD2, TRCN0000019748) and pLKO.1-shRNA-p73 (p73 KD1, TRCN0000006507; p73 KD2, TRCN0000006508) from the National RNAi Core Facility, Academia Sinica. All of these vectors were purified and sent to the National RNAi Core Facility to package the virus. Virus packaged with the pLKO scrambled shRNA (pLAS.Void) was purchased from the National RNAi Core Facility. All virus-packaged shRNAs were infected into HT29 or DLD1 cells.
Real-Time Quantitative PCR (qPCR) and primers. Total cellular RNA was extracted with TRIzol reagent (Invitrogen). First-strand cDNA for mRNAs was prepared from 1 μg total RNA with the Maxima H Minus FirstStrand cDNA Synthesis kit (Thermo Scientific, Waltham, MA, USA). For conventional qPCR, cDNA samples or DNA samples from ChIP assays were mixed with EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) and primers (Tables S1 and S2 ). The amplification for all qPCRs was monitored using the CFX Connect Real-Time PCR System (Bio-Rad). Relative transcript levels were calculated as 2 −ΔΔ CT Site-directed mutagenesis. The NEU4 P1m, NEU4 P2m, NEU4 P3m, NEU4 AP2m, p53 L350P, TAp63 alpha L423P, TAp73 alpha L377, p53TDD and p73TDD point mutations or deletion clones were created by site-directed mutagenesis (Phusion Site-Directed Mutagenesis Kit, Finnzymes). The following primers were used: NEU4 P1m, 5′-AAAGAACTGGAGAAGGAACTCCCCAAA-3′ and 5′-GTGGAGCCCTGGGGAGTTTTTTC-3′; NEU4 P2m, 5′-GGTCTGAAAAAACTCCCCAGG-3′ and 5′-CCCAGTAAAAGTTCTTTAATGCTAAACGGGTC-3′; NEU4 P3m, 5′-AGAGCACGACCCGTTTAGGATTAAGCA-3′ and 5′-CGTGATCCTTCAAGGCCCAA GAAA-3′; NEU4 AP2m, 5′-CATTTCTCCACAAACAAGTGGAGAAGGA-3′ and 5′-GGAAAGTTTTTTCA GACCCCCAGTAAAAC-3′; p53 L350P, 5′-GGGCATCCTTGGGTTCCAAGGC-3′ and 5′-AGGCTGG GAAGGAGCCAGGG-3′; TAp63 alpha L423P, 5′-GAAGGTACTGCATGGGTTCCAGGGACTC-3′ and 5′-CTCAGCACACAATTGAAACGTACAGGC-3′; TAp73 alpha L377, 5′-TGCCGCAGCCACTGGTGGA-3′ and 5′-CCAACTCCATCGGCTCCAGGCTC-3′; p53TDD, 5′-CAGTGGTTTCTTCTTTGGCTGGG-3′ and 5′-GGGG GGAGCAGGGCTCACT-3′; p73TDD, 5′-TCCATGCCGCCGCTTCTTC-3′ and 5′-GACTCCTATCGGCAG CAGCAGC-3′. All constructs were checked by DNA sequencing.
Sialidases activity assay. NEU4 sialidase activity was analyzed with 2′-(4-methylumbelliferyl)-α-D -N-acetylneuraminic acid (4MU-NeuAc; Sigma) as a substrate 59 . Reactions were set up in triplicate using 30 μg of total proteins with 50 mM Na citrate/phosphate buffer (pH 3.2), 0.1 mM 4MU-NeuAc, and 6 mg/mL BSA in a final volume of 100 μl, and incubated at 37 °C for 30 min. Reactions were stopped by addition of 1 ml of 0.2 M glycine/NaOH (pH 10.8). The fluorescence associated with the release of 4-MU was measured at the excitation wavelength of 365 nm and an emission wavelength of 445 nm with an ARVO MX plate reader (Perkin-Elmer). The sialidase from Arthrobacter ureafaciens (Roche) was used in the assay to obtain a standard curve.
siRNA transfection. Cultured cells (1 × 10 6 ) were added to 90 µl BTXpress electroporation buffer (BTX, Holliston, MA) with 3 µL (10 µM) of control siRNA (sc-37007; Santa Cruz) or NEU4 siRNA (sc-94619; Santa Cruz) and 3 µg of pcDNA3.0 or p73 vectors. The mixture was transferred into a 2-mm BTX Gap Cuvette and electroporated (80 V, 13 ms, two pulses, 1-s interval) using a BTX Gemini X2 Electroporation system (BTX, Holliston, MA). The cells were harvested 48 h after siRNA transfection to evaluate NEU4 mRNA or sialyl Lewis X expression.
Statistical analysis. Potential statistical differences between two groups were assessed with the Student's t test (two tailed). All results are presented as the mean ± SD. P value of less than 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
